The RNA world hypothesis proposes that nucleic acids were once responsible for both information storage and chemical catalysis, before the advent of coded protein synthesis. However, it is difficult to imagine how nucleic acid polymers first appeared, as the abiotic chemical formation of long nucleic acid polymers from mononucleotides or short oligonucleotides remains elusive, and barriers to achieving this goal are substantial. One specific obstacle to abiotic nucleic acid polymerization is strand cyclization. Chemically activated short oligonucleotides cyclize efficiently, which severely impairs polymer growth. We show that intercalation, which stabilizes and rigidifies nucleic acid duplexes, almost totally eliminates strand cyclization, allowing for chemical ligation of tetranucleotides into duplex polymers of up to 100 base pairs in length. In contrast, when these reactions are performed in the absence of intercalators, almost exclusively cyclic tetra-and octanucleotides are produced. Intercalator-free polymerization is not observed, even at tetranucleotide concentrations >10; 000-fold greater than those at which intercalators enable polymerization. We also demonstrate that intercalation-mediated polymerization is most favored if the size of the intercalator matches that of the base pair; intercalators that bind to Watson-Crick base pairs promote the polymerization of oligonucleotides that form these base pairs. Additionally, we demonstrate that intercalationmediated polymerization is possible with an alternative, nonWatson-Crick-paired duplex that selectively binds a complementary intercalator. These results support the hypothesis that intercalators (acting as 'molecular midwives') could have facilitated the polymerization of the first nucleic acids and possibly helped select the first base pairs, even if only trace amounts of suitable oligomers were available.
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base pair selection | origin of life | RNA world | polymerization | molecular evolution O ver the past two decades, significant evidence has been presented in support of the RNA world hypothesis, which proposes that RNA polymers predated coded proteins in early life (1, 2) . Current support for this hypothesis includes the fact that contemporary life still uses RNA as an informational polymer and in chemical catalysis (3) . The ability of RNA to catalyze reactions is exemplified by natural and artificial ribozymes that promote a wide variety of chemical reactions (4) as well as the observation that the catalytic core of the ribosome is comprised of RNA (5) . Despite the attractiveness of the RNA world as a hypothetical stage of early life, it remains unclear how RNA [or a predecessor of RNA (6-11)] would initially have been synthesized without the aid of protein enzyme catalysis.
Several distinct proposals have been presented for the abiotic origin of the first RNA polymers (10, (12) (13) (14) (15) (16) (17) . Perhaps the most notable is that of Ferris and coworkers, in which mineral surfaces are used to locally concentrate and promote the polymerization of ligation-activated mononucleotides, an approach that allows formation of single-stranded RNA strands up to ca. 50 nucleotides in length (18 Strand cyclization is a formidable problem facing most proposed systems for the prebiotic synthesis of nucleic acid polymers. Specifically, short ligation-activated oligonucleotides (i.e., di-to octanucleotides) undergo efficient intramolecular ligation (i.e., cyclization), limiting their potential for polymerization (26) . It is a general principle in polymer chemistry that the length of polymers formed by irreversible reactions can be greatly limited by cyclization (27) . When a nascent polymer becomes sufficiently long to sample conformations that allow for intramolecular bond formation, cyclization occurs, and polymer growth ceases. A polymer's persistence length (which relates to its rigidity) largely determines the length at which a growing polymer favors cyclization over continued growth. The persistence length of single-stranded nucleic acids is only 3 to 6 nucleotides (28), whereas the persistence length of a base-paired duplex is 150 to 300 base pairs (29) . To form appreciable equilibrium amounts of base-paired duplexes, oligonucleotides must be ca. five or more residues in length (30) , even at temperatures near the freezing point of water and at moderately high oligonucleotide concentrations (10 −4 − 10 −3 M). Thus, given a pool of chemically activated di-, tri-, and tetranucleotides, one would predict that such short oligonucleotides would cyclize efficiently. This prediction is borne out by experiment, including model prebiotic reactions in which activated mononucleotides are condensed on a mineral surface, where cyclic products can have yields that are still comparable to those of linear products (12) . Even activated hexanucleotides of 100% GC content, designed to assemble into polymeric structures, have been shown to form primarily cyclic products (26) . Clearly, strand cyclization would have inhibited the prebiotic production of nucleic acid polymers, unless a mechanism existed to increase the persistence length of oligonucleotides during polymerization.
Here, we report that molecules that intercalate the base pairs of nucleic acid duplexes can circumvent the problem of oligonucleotide cyclization. Specifically, we demonstrate that certain intercalators [or "molecular midwives" (13) ] promote the coupling of activated tetranucleotides into long duplex polymers, whereas in the absence of intercalators, only short cyclic oligonucleotides are formed. Further, we show that intercalator-mediated polymer formation is ligand and base-pair specific; size matching is required between the intercalator and the base pairs of a duplex. These data lend support to the hypothesis that the original structure of nucleic acids, including that of the base pairs, could have been templated by intercalators (13, 31) .
Results
Intercalators Prevent Oligonucleotide Cyclization Via Duplex Stabilization. We have previously demonstrated that the free energy associated with the intercalation of nucleic acid duplexes by small, planar molecules can promote the chemical ligation of oligonucleotides (31, 32) . However, our previous experimental systems were limited to the coupling of two monofunctional oligonucleotides that were incapable of multiple couplings (i.e., polymerization) and, therefore, they were not subject to the problem of oligonucleotide cyclization. To determine if intercalation-mediated assembly can also circumvent the strand cyclization problem (Fig. 1A) , we investigated the chemical ligation of the tetranucleotide d(pCGTA) as a model system. The sequence of this oligonucleotide is such that, when base-paired, it is capable of forming long, extensively nicked concatemeric (or tiling) Watson-Crick duplexes, with the 5′ and 3′ ends of the nick sites in close proximity for chemical ligation (Fig. 1B) .
To test the ability of intercalators to promote oligonucleotide polymerization and prevent cyclization, d(pCGTA) was activated for ligation with N-cyanoimidazole in the presence and absence of ethidium, a well-known intercalator of Watson-Crick duplexes. The early products of the ligation reaction (cyclic tetranucleotide, linear octanucleotide, and cyclic octanucleotide) were monitored by HPLC. Example chromatograms and kinetic traces derived from analysis of these reactions are shown in Fig. 2 . In the absence of ethidium, the major product is cyclic tetranucleotide (Fig. 2B) , consistent with the very short persistence length of single-stranded oligonucleotides. About one-fourth as much cyclic octanucleotide and only trace linear octanucleotide were detected. The lack of appreciable linear octanucleotide formation indicates that the rate of cyclization is faster than the rate of formation for the linear octanucleotide. In contrast, in the presence of ethidium, linear octanucleotide formation is greatly favored over tetranucleotide cyclization (Fig. 2C) . The rate of octanucleotide formation in the presence of ethidium is slower than the rate of tetranucleotide cyclization in the absence of ethidium. Thus, ethidium-mediated assembly of d(pCGTA) inhibits formation of the cyclic tetranucleotide, in addition to promoting linear octanucleotide formation (Fig. 1B) . Upper Trace is from a reaction carried out in the absence of ethidium, and the Lower Trace is from a reaction carried out in the presence of ethidium (600 μM). Product labels are L4, linear tetranucleotide (starting material); C4, cyclic tetranucleotide; L8, linear octanucleotide; and C8, cyclic octanucleotide. Products were identified using pure standards and phosphatase shift experiments (B) Kinetic analysis of the reaction described in A in the absence of ethidium. (C) Kinetic analysis of the reaction described in A in the presence of ethidium (600 μM). Kinetic analyses were as described in the Materials and Methods.
Ethidium also suppresses strand cyclization in the absence of duplex formation. For example, the initial rate of cyclization of the tetranucleotide d(pCCTA), which cannot tile, is depressed twofold when ethidium is present (Fig. S1 ). In contrast, the diminution of this rate in the case of d(pCGTA), which does tile, is nearly 2,000-fold, indicating that assembly of oligonucleotides into Watson-Crick-paired duplexes is the dominant mechanism for suppression of cyclization. As we discuss in the follow section, the ability of intercalators to selectively protect base-pairing oligonucleotides from cyclization (and promote their polymerization) could have helped select the first informational polymers of life.
Intercalators Promote Polymer Formation. The oligonucleotide d (pCGTA) does not ligate appreciably in the absence of an intercalator (Fig. 3) . In contrast, when ethidium is added to the same reactions, polymers of up to 100 nucleotides in length are observed (i.e., 24 linear couplings) (Fig. 3) . This analysis also illustrates that the ratio of linear to cyclic products increases in the presence of ethidium for all polymer lengths (Fig. 3) . For example, relatively low amounts of linear octa-and dodecanucleotide are detected compared to cyclic octa-and dodecanucleotide when ethidium is absent (Fig. 3, Lane 1) , whereas approximately equal amounts of linear and cyclic octa-and dodecanucleotide products are observed when ethidium is present at a stoichiometry of one ethidium per tetranucleotide (Fig. 3, Lane 2) . For higher ethidium to tetranucleotide stoichiometries, the relative amounts of cyclic products are far lower than linear products of the same length (Fig. 3, Lanes 3-5 ). An exploration of the range of tetranucleotide concentrations over which ethidium promotes polymerization revealed polymerization at oligonucleotide con- (Fig. S2) . Thus, ethidium increases the concentration range over which d(pCGTA) can be polymerized by a factor of at least 10 4 .
Ethidium-Promoted Ligation Requires Watson-Crick Base Pairing. To demonstrate that the ethidium-promoted ligation of oligonucleotides requires Watson-Crick base pairing (and that nonspecific, i. e., hydrophobic or electrostatic, interactions are insufficient), we examined the ligation of two other oligonucleotides, d (pCCTA) and d(pGGTA). Individually, neither tetranucleotide can form a fully Watson-Crick base-paired tiled duplex, whereas a 1∶1 mixture of the two strands can do so. Neither tetranucleotide alone ligates appreciably when activated, irrespective of the presence of ethidium (Fig. 4) . By contrast, ligation occurs when both activated tetranucleotides are in solution with ethidium (Fig. 4) , demonstrating the importance of Watson-Crick base pairing in ethidium-mediated ligation. Furthermore, d(TTTT), a tetranucleotide that can neither form a Watson-Crick basepaired tiled duplex nor polymerize on its own (due to lack of a terminal phosphate), does not interfere with the intercalation-mediated polymerization of d(pCGTA), even when it comprises >99% of the total oligonucleotide present (Fig. S3) . Thus, ethidium selectively promotes the polymerization of Watson-Crick base-pairing oligonucleotides, even in the presence of a substantial excess of non-base-pairing oligonucleotides.
Intercalators Can Promote the Polymerization of Duplexes Containing
Non-Watson-Crick Base Pairs. Intercalators can drive the assembly of a variety of base-pairing structures. Previously, we have demonstrated that a ligand for pyrimidine triplexes promotes the ligation of two Hoogsteen-paired strands in a triplex (31) . With this principle in mind, we sought to achieve liganddependent polymerization of nucleic acids by using a system comprised of ligand-dependent non-Watson-Crick base pairs. The recent discovery that the azacyanine aza3 (Fig. 5) promotes Fig. 3 . Polyacrylamide gel electrophoresis analysis of reaction products of activated d(pCGTA) in the presence of varying amounts of ethidium. Ethidium concentrations are given above Lanes 1-5. With no intercalator present (Lane marked 0 μM), only small amounts of cyclic octanucleotide (C8) and cyclic dodecanucleotide (C12) are produced, and almost no linear octanucleotide (L8) or linear dodecanucleotide (L12) is produced. The presence of ethidium in the reaction dramatically promotes linear polymerization, to ca. 100mer products (Lanes marked 100 to 600 μM). The tetranucleotide starting material and cyclic tetranucleotide products observed in HPLC analyses did not stain efficiently; band intensities for ≥8 mers are ca. linear with total nucleic acid (Fig. S5) . Additional reaction details are provided in Materials and Methods. The gel Lane marked M contains marker bands generated by the enzymatic ligation of a tiling decanucleotide. the formation of duplex nucleic acids with A·A base pairs (33) (34) (35) (36) (37) (38) suggested to us that homo-dA oligonucleotides might be suitable for a ligation system promoted by these molecules. Indeed, we found that aza3 promotes the assembly and ligation of dðpA 6 Þ. In contrast, ethidium, which promotes the ligation of oligonucleotides that form Watson-Crick base pairs, does not promote the ligation of dðpA 6 Þ (Fig. 5) . Similarly, aza3, which has low affinity for Watson-Crick duplexes (39), does not promote the ligation of d(pCGTA) (Fig. 5) .
Although coralyne binds duplexes with A·A base pairs with an even greater affinity than aza3 (34) , coralyne promotes dðpA 6 Þ ligation only weakly. Similarly, proflavine, which binds Watson-Crick DNA with an affinity comparable to that of ethidium, does not promote ligation (Fig. 5) . Taken together, these data illustrate that molecular recognition between an intercalator and base pair may be necessary for the intercalation-mediated stabilization of a duplex structure, but it is clearly not sufficient for the promotion of intercalation-mediated polymerization.
Discussion
It is widely assumed that the abiotic synthesis and template-directed replication of nucleic acid polymers (or their predecessors) was an early and critical step in the origin of life (40) (41) (42) (43) . Strand cyclization is an inherent and general obstacle to the growth of polymers from bifunctional mono-and oligomers, and it, therefore, would have thwarted the abiotic synthesis of early phosphodiester-linked RNA or RNA-like polymers, unless a mechanism existed to organize mono-and short oligonucleotides prior to the bond formation step of polymerization. Previous chemical polymerization studies required moderate to high concentrations of di-and tetranucleotide substrates (10 −3 − 10 −1 M) (44, 45) , or the use of some monofunctional substrates to prevent strand cyclization, albeit at the expense of chain termination (41) . Here, we have shown that intercalator binding can circumvent strand cyclization and enable polymerization, even at low (i.e., 10 −6 M) substrate concentrations. Additionally, intercalators can drive the polymerization of base-pairing oligonucleotides, even when they are a trace component (<1%) in a high-concentration pool of a non-base-pairing, non-polymerizable oligonucleotide. While we do not propose that the intercalators used in the present study are prebiotic, it is possible that the reactions that gave rise to the first nucleobases produced other heterocycles that might have functioned as molecular midwives for the base-pair selection, assembly, and polymerization of the earliest proto-RNA polymers. Here, we have presented results from experiments involving the ligation of DNA oligonucleotides that provide an experimentally practical model system for exploring intercalation-promoted polymerization. Nevertheless, these results are also relevant to the nonenzymatic polymerization of RNA that has a duplex persistence length somewhat greater than that of DNA (29), but a single-stranded persistence length that still renders RNA oligonucleotides susceptible to cyclization (12) . Indeed, activated r(pCGUA) exhibits enhanced ligation in the presence of ethidium, albeit to a much lesser extent than observed for d(pCGTA) (Fig. S6) . The diminished performance of RNA in this system might result from the activation chemistry and intercalators tested thus far being less compatible with RNA oligonucleotides or the intercalated A-form helix. As noted above, not all intercalators tested were found to facilitate DNA ligation, even though some possess binding affinities comparable to those that do facilitate ligation. Current efforts in our laboratory include the search for an intercalator that more efficiently promotes RNA ligation.
Consistent with our previous work, the present ligation system exhibits sensitivity to the particular intercalator used to promote assembly, even among intercalators that exhibit similar affinity for the duplex to be ligated. In particular, proflavine did not promote ligation in our Watson-Crick system, despite the fact that proflavine and ethidium have similar association constants for Watson-Crick duplex DNA. Interestingly, in a previous study of a ligation system using a different activation chemistry, we found that proflavine, but not ethidium, promotes oligonucleotide ligation (32) . Thus, the efficiency of an intercalator for promoting a given ligation reaction appears not to be fully expressed by its association constant for a nucleic acid assembly. In retrospect, this observation is not surprising; covalent bond formation requires an energetically accessible reactant complex with appropriate bond geometries, and individual intercalators make structure-specific helical contacts that could modify the conformational landscape of the polymer backbone in an intercalator-specific manner. This feature could prove useful for selecting specific backbone linkages in intercalation-mediated reactions.
We have used tetranucleotides as a model system to illustrate the nonenzymatic production of polymers from short oligonucleotides. With regard to a more complete model for the origin of RNA-like polymers, it is certainly desirable to demonstrate polymerization with even shorter oligonucleotides and, ultimately, mononucleotides. Thus far, our attempts to use intercalators to drive the polymerization of mononucleotides and dinucleotides in the absence of a preexisting template strand have proven unsuccessful. In the case of dinucleotides, we surmise that the nearest neighbor exclusion principle (46) (47) (48) , which states that intercalators can bind at most between every other base pair, could potentially inhibit the coupling of dinucleotides, as dinucleotides are known to crystallize in the presence of intercalators with ligands bound both within and outside each minihelix (49) , an arrangement that could block backbone coupling between dinucleotides. To find a possible means by which to circumvent this problem, we have initiated studies of intercalation of nucleic acids with alternative backbone linkages (50, 51) . Given the wide variety of RNA-like polymers with nucleoside elements other than ribofuranosides that also form duplexes (11, 52, 53) , it is possible that the backbone of the first informational polymers may not have utilized ribofuranosides. If this was the case, the original pre-RNA backbone might have allowed intercalation between every dinucleotide step. With regard to mononucleotide polymerization, it appears that the poor stacking of the pyrimidine nucleotides precludes assembly of mononucleotides by intercalating molecular midwives. The poor stacking of pyrimidine bases has prompted our laboratory, and several others (54) (55) (56) , to reconsider an early proposal by Crick that the first RNA-like polymers might have used purine-purine base pairs (57) . Our demonstration in the present work that intercalators can promote the polymerization of homo-adenine oligonucleotides represents the first step towards the realization of intercalation-mediated mononucleotide polymerization in a homo-purine system.
Recently, Szostak and coworkers demonstrated the nonenzymatic template-directed synthesis of RNA inside model protocells (58) . These model protocells exhibited high permeability for small, minimally charged species. Therefore, before the advent of protein enzymes, molecules similar to the intercalator midwives discussed in the present work, which contain only a single positive charge, could have permeated protocells along with nucleotides, thus assisting in the assembly of encapsulated nucleic acid polymers.
Finally, it was recently proposed that the tendency for WatsonCrick DNA duplexes to form liquid crystals could reflect the process by which prebiotic nucleic acids were organized (and partitioned) prior to polymerization (59) . The experimental results presented here demonstrate that intercalators can promote the assembly of oligonucleotides of comparable length at concentrations on the order of 100,000-fold lower than those required for liquid crystal formation (59) .
Materials and Methods
Oligonucleotides were purchased from Oligos Etc. or IDT and HPLC purified before use. Ethidium bromide (Fisher Scientific), proflavine hemisulfate (Sigma), and coralyne chloride (Sigma) were used as received. aza3 was synthesized as previously reported (60) . N-cyanoimidazaole was purchased from Toronto Research Chemicals.
Watson-Crick-Paired Chemical Ligations. Ligation reactions were 200 μM in oligonucleotide strand (unless otherwise stated), 10 mM triethylammonium MES (pH 6), and 5 mM MnCl 2 . Ligation reactions in the presence of various divalent ions demonstrated that MnCl 2 resulted in the highest yield of condensation products (Fig. S4) . For reactions containing intercalators, specific molecules and concentrations used are provided in figure legends. After 15 min. equilibration at 4°C, N-cyanoimidazole (from an H 2 O stock) was added to 250 mM. Ligation reactions were incubated for 72 h at 4 ºC, unless otherwise stated. The reaction products were then ethanol precipitated and resuspended in PAGE loading buffer. In reactions containing <200 μM oligonucleotide, linear polyacrylamide was used as a carrier in precipitations. Reaction products were separated by using denaturing (7 M urea) PAGE (19% acrylamide:1% N, N 0 -methylenebisacrylamide) in TBE running buffer. The gels were then stained with SYBR Gold (Invitrogen) for band visualization.
A•A Paired Chemical Ligations. Ligation reactions contained 500 μM dðpA 6 Þ, 10 mM triethylammonium MES (pH 6), and 5 mM MnCl 2 . Reactions with intercalators contained 750 μM intercalator. Ligation reactions were incubated for 24 h at 4 ºC. Reactions products were separated by using denaturing (7 M urea) PAGE (19% acrylamide:1% N, N 0 -methylenebisacrylamide) with TBE running buffer. Gels were then stained with SYBR Gold for band visualization. ACKNOWLEDGMENTS. This work was supported by the National Aeronautics and Space Administration (NNX08A014G) and National Science Foundation (CHE-0739189).
